Introduction: The Forced-choice Graphics Memory Test (FGMT) is a newly developed measure to assess feigned cognitive impairment. This study investigated the ability and reliability of FGMT for identification of malingering in patients with traumatic brain injury (TBI). Results: Both malingering groups (H-M and TBI-M) performed much more poorly than the nonmalingering groups (H-C and TBI-C). The FGMT overall total score, score on easy items, and score on hard items differed significantly across the four groups. The total score showed the highest classification accuracy in differentiating malingering from nonmalingering. A cutoff of less than 18 (total items) successfully identified 95% of TBI-C and 93.3% of TBI-M participants. The FGMT also demonstrated high testretest reliability and internal consistency. FGMT scores were not affected by TBI patients' education, gender, age, or intelligence.
Typically, neuropsychological evaluation is used to characterize the level and pattern of cognitive impairment for those who have sustained a TBI (Finnanger et al., 2013; Hellawell, Taylor, & Pentland, 1999; Satz et al., 1998) . TBI is often the result of accidents that may involve litigation or secondary gain (Sweet, Goldman, & Guidotti Breting, 2013) . These factors have been shown to influence the validity of one's performance on neuropsychological tests (Gouse, Thomas, & Solms, 2013) . Numerous studies have shown that lower neuropsychological performance in patients with TBI may, in many cases, be accounted for by invalid effort rather than low ability (Flaro, Green, & Robertson, 2007; Green, Iverson, & Allen, 1999) . Therefore, it is especially important to assess performance validity in TBI patients. It is estimated that 40%-60% of patients with TBI may malinger cognitive impairments during disability compensation evaluations (Larrabee, 2005; Mittenberg, Patton, Canyock, & Condit, 2002) .
A variety of performance validity tests (PVTs) are available to assess poor effort or response bias (Frazier, Youngstrom, Naugle, Haggerty, & Busch, 2007; Hiscock & Hiscock, 1989; Vagnini, Berry, Clark, & Jiang, 2008; Van Dyke, Millis, Axelrod, & Hanks, 2013; Wisdom, Brown, Chen, & Collins, 2012) . These PVTs include both formal tests developed specifically for the purpose of detecting poor effort as well as measures that are embedded into other neuropsychological tests. Tests of effort can also be separated into "forced-choice" versus nonforced-choice. Forcedchoice effort measures were originally developed with the idea that if a patient performed significantly below chance, they must know the correct answer and intentionally choose the wrong answer, indicating a purposeful attempt to appear more impaired than they actually are.
Vickery and Berry conducted a meta-analysis on PVTs (Vickery, Berry, Inman, Harris, & Orey, 2001) . In their analysis, the Hiscock Digit Memory Test (DMT), which is based on a binomial forced-choice paradigm, had the highest sensitivity to detect poor effort as well as the best overall classification rates. In another meta-analysis published by Sollman and Berry (2011) , Victoria Symptom Validity Test, which is a computerized version of forced-choice DMT, was employed as "an anchor" to evaluate the utility of the previously reviewed tests by Vickery and Berry. Forced-choice tests were first described by Binder and Pankratz (1987) . They presented a case of a 53-year-old woman who was suspected of invalid responding. They gave her the task of indicating whether a black pen or a yellow pencil had been presented in the prior trial. The patient was accurate for 37 of the 100 trials, which was significantly worse than chance, and consistent with the assertion of her responding invalidly. Based on Pankratz's test, Hiscock and Hiscock (1989) modified the procedure and developed the DMT. In this test, patients are asked to identify which of two five-digit numbers is identical to a number shown seconds earlier. The test is divided into three segments, each with a different delay length: 5, 10, and 15 s. The patient is informed about the increase in delay time and it is suggested that this will make the task more difficult. Although DMT was developed to appear more difficult than other versions of forcedchoice tests designed to identify feigning of a memory deficit, it is so simple that very few malingerers will perform at below chance levels. Research has been conducted with forced-choice tests to determine alternate criteria to distinguish malingerers from nonmalingerers such as performance-level criteria (Loring, Larrabee, Lee, & Meador, 2007) . Guilmette, Hart, Giuliano, and Leininger (1994) , for example, determined that a score below 90% correct on the DMT is consistent with invalid performance. The Test of Memory Malingering (TOMM; Tombaugh, 1996) , a forced-choice visual recognition memory test, is another commonly used PVT for detection of malingering in forensic setting (Slick, Tan, Strauss, & Hultsch, 2004) . The TOMM also yields great classification ability for detecting insufficient effort (Love, Glassmire, Zanolini, & Wolf, 2014; O'Bryant & Lucas, 2006) .
There is abundant research evidence that cognitive effort tests are extremely useful, especially in forensic settings (Fox, 2011; Green, 2007; Green, Rohling, Iverson, & Gervais, 2003; Green, Rohling, Lees-Haley, & Allen, 2001 ). However, there are still some unresolved issues that need to be addressed, such as the influence of the patient's intellectual level and psychiatric status on PVTs (Avila et al., 2009; Shandera et al., 2010) .
It has also been noted that patients with TBI may have difficulty with
PVTs for a myriad of other reasons, including education level, attention impairments, or receptive language impairments (Schroeder, TwumasiAnkrah, Baade, & Marshall, 2012; Woods et al., 2011) .
In instances where litigation is involved, lawyers may instruct their clients about PVTs (Lezak, Howieson, Bigler, & Tranel, 2012 (Merten, Green, Henry, Blaskewitz, & Brockhaus, 2005) , and Short-Term-Memory Test from the Bremer Symptom-Validierung (Russeler, Brett, Klaue, Sailer, & Munte, 2008) . Coached malingering was difficult to detect using these various tests. Coached malingerers, especially those coached with the symptom plus test information, were more likely to be misclassified as nonmalingerers than uncoached malingerers. The Internet also provides an easy way for patients to gain familiarity with PVTs, making their noncredible performance harder to detect (Castiel, Alderman, Jenkins, Knight, & Burgess, 2012; Frederick & Speed, 2007) . Therefore, it is important to develop newer PVTs.
To this end, we developed the Forced-choice Graphics Memory Test (FGMT). The FGMT utilizes the two-alternative forced-choice paradigm and consists of figural stimuli, which are supposed to be more on an intuitive basis than digits and not susceptible to aforementioned factors such as intellectual level and educational experience (Chakrabarti & Banerjee, 2013; Mungkhetklang, Crewther, Bavin, Goharpey, & Parsons, 2016; Paivio, 1971) . This study evaluates the usefulness of the FGMT for identifying valid and invalid performances.
| METHODS

| Participants
The study included four groups of right-handed participants. The first group consisted of 40 college students and staff members who were instructed to give their best effort (Healthy Control, H-C). The second group consisted of 40 college students and staff members who were instructed to feign invalid responding (Healthy Malingering, H-M).
The participants of both healthy groups were recruited from Tongji Medical College of Huazhong University of Science and Technology via advertisement. Medical records of these healthy participants were collected, excluding those with psychiatric or neurologic disorders.
The H-M participants were instructed to imagine that they sustained a TBI as a result of a motor vehicle accident 6 months ago and were currently involved in litigation to obtain financial compensation for their injury. They were told that an associated neuropsychological evaluation was going to take place and worse performance on the tests would contribute to a greater amount of injury compensation.
They were additionally told to feign the TBI symptoms of headache, dizziness, hypomnesia, or unresponsiveness and to get low scores on tasks by reduced engagement in the tasks or by providing incorrect response. All of the TBI participants were recruited from a forensic medicine clinic of Tongji Medical College. They were referred for forensic evaluations (i.e., litigation, compensation seeking, or disability) and met the following inclusion criteria: (1) The TBI was sustained 6-12 months prior to participation in the study with clinical treatment having been completed; (2) Positive brain imaging findings of brain injury; (3) The lowest recorded Glasgow Coma Scale (Teasdale & Jennett, 1976) disorders that result in significantly diminished capacity to appreciate laws or mores against malingering, or inability to conform behavior to such standards. On the basis of these four criteria, patients can be classified as: not malingering, definite MND, probable MND, or possible MND. In this study, only those patients who met the criteria of definite MND were recruited. Criterion B for this study was considered satisfied as all the members of the group showed a negative response bias on the BFDMT, that is, they each performed significantly below chance; Criterion C for this study was considered satisfied for each participant in this group as two forensic experts conducting separate evaluations agreed that the person with TBI was feigning due to the inconsistencies or discrepancies in participant's self-report histories, and symptoms or performance across neuropsychological testing. The study protocol was approved by the Ethics Committee of Huazhong University of Science and Technology.
Informed consent was obtained from the participants after they had been given an explanation of the study. The individuals were informed that they would undergo several neuropsychological tests, and the data may be used for scientific analysis while maintaining their confidentiality.
| Binomial Forced-choice Digit Memory Test
The BFDMT is a PVT. Each participant completed the BFDMT, a revised version of the DMT developed by Liu, Gao, and Li, (2001) .
This test has been shown to have an overall accuracy of 95%, falsepositive rate of 1%, and false-negative rate of 4% when healthy simulators were differentiated from healthy controls (Liu et al., 2001 ). The BFDMT is a commonly used PVT in China (Liu et al., 2001 ) and has been validated in different populations such as mental retardation, TBI, schizophrenia, and the elderly with cognitive impairment (Chu et al., 2010; Gao, Liu, Ding, Li, & Sheng, 2002; Gao, Yang, Ding, Li, & Sheng, 2003; Zhang, Liu, Chu, Li, & Chen, 2009) . It is largely based on the binomial theorem. The test consists of 24 items, each of which consists of one stimulus card containing a single five-digit number and a corresponding recognition card containing two five-digit numbers. Each stimulus card is presented on the computer for 5 s, and is immediately followed by a recognition card. There are 12 easy items and 12 hard items based on the degree of similarity between the two five-digit numbers presented on the recognition card. The more similar numbers comprised the hard items and the more different numbers comprised the easy items.
| Forced-choice Graphics Memory Test
The FGMT is a PVT that is modeled after the BFDMT. This task also consists of 24 items, each of which consists of one stimulus card and one corresponding recognition card. Each stimulus card contains one black and white design. Each design is round with a 6.5 cm diameter and 500 × 500 pixels. For each stimulus card, there is a corresponding recognition card containing two designs presented side-by-side. One of the designs matches the original design presented on the stimulus card (i.e., the target) and the other one is a distractor. The left-or-right side location of the target design was selected randomly. Each stimulus card was presented on a computer screen for 5 s, and was followed by the presentation of the corresponding recognition card after a 5 s retention period. The participants were asked to identify which design he or she had just viewed. According to the degree to which the two designs were similar on the recognition card, cards were classified as easy (i.e., less similar) or hard (i.e., more similar). Three of the authors ranked the similarity of 60 cards separately and classified into easy and hard cards. Then 12 easy cards and 12 hard cards that all of the three authors agreed were selected for the test. Sample items are shown in Figure 1 . The order in which the cards were presented was random. Each item resulted in a score of 1 for a correct recognition of the target or 0 for an incorrect answer. Three scores were computed for each participant: total score, easy item score, hard item score. Test administration time was generally 5-10 min.
| Wechsler Adult Intelligence Scale-III Chinese version (WAIS-RC)
Intellectual testing was carried out post-PVT performance using the WAIS-RC (Yao, Chen, Jiang, & Tam, 2007) . The Verbal IQ, Performance IQ, and Full IQ were calculated for each participant.
| Procedure
Demographic information and medical history were gathered for all participants. After completing the consent form, each participant was administered the BFDMT for classification. Then all participants were given instructions that varied by group. The H-C group was asked to perform optimally during the tests. The H-M group was given the information of TBI and post-TBI cognitive impairment. This group was instructed to feign memory impairment during the tests for getting more compensation. After the instructions, other neuropsychological testing that, in part, included the FGMT and WAIS-RC were administrated. For the TBI participants, an interview with two forensic psychiatrists was performed initially. In order to measure the reliability and consistency of FGMT, 20 TBI-C and 20 TBI-M participants completed the FGMT again a week later.
| Statistical analysis
Data are expressed as mean ± SD. Correlation analysis between BFDMT total score and FGMT total score, easy item score, and hard item score were performed using Pearson's analysis. The sensitivity, specificity, predictive power, overall hit rate, and internal consistency for each of the FGMT indices were calculated. Comparisons of differences in FGMT indices were performed using Kruskal-Wallis one-way ANOVAs followed by post hoc analysis for multiple groups.
| RESULTS
| Characteristics of the participants
The brain injuries of TBI participants were caused by various events including traffic accidents (74%), falls (17%), assault (6%), and other reasons (3%). The majority of the patients presented with lesions in the frontal and temporal region (frontal lobes, 40%; temporal lobes, 21%; fronto-temporal lobes, 17%). The remaining 22% presented with lesions in occipital and parietal region. Mann-Whitney test did not reveal significant differences in the duration of loss of consciousness (LOC) or post-traumatic amnesia (PTA) between TBI-C and TBI-M group. The median duration of LOC in patients of TBI-C and TBI-M group was 8 days and 9 days, respectively (p = .91), and all the patients have a PTA of 24 hr or more (median 18 days and 15 days in TBI-C and TBI-M group, respectively, p = .39). None of the TBI participants in this study had received systematic cognitive rehabilitation following injury.
The demographic information for each group is presented in Table 1 . Chi-square analysis did not reveal significant differences in the proportion of males and females among the groups. Analysis of variance did reveal significant differences in age and education level for the TBI groups compared to the healthy groups. Multiple comparison testing revealed that the healthy subjects were significantly younger, more educated, and had higher IQ than the TBI groups. However, no difference in age, education level, and intelligence was found between TBI-C and TBI-M groups.
| FGMT results
Between groups Kruskal-Wallis one-way ANOVA for the easy item score, hard item score, and total score on the FGMT were all significant (each p < .01). Post hoc analysis revealed that the malingering groups performed significantly worse than the control groups. There was no difference in easy item score, hard item score, or total score between the H-M and TBI-M groups (p = .20, .08, and .05, respectively) or between the TBI-C and the H-C group (p = .44, .63, and .68, respectively). The results for each group on the FGMT are presented in Table 2 .
| Classification accuracy
Receiver operating characteristic analysis was performed to measure the classification ability of the three FGMT indices (easy item, hard item, and total score). See Figure 2 . The area under the curve (AUC) for the total score was the highest (AUC = 0.97, 95% CI = 0.94-1.00), followed by the hard item score (AUC = 0.96, 95% CI = 0.92-0.99), and the easy item score (AUC = 0.95, 95% CI = 0.91-0.99), indicating that the total score has the highest classification ability in differentiating malingering from nonmalingering.
The sensitivity and specificity of various cutoff scores on easy items, hard items, and total score are presented in Table 3 . Cutoff scores for each index were calculated by combining effects of sensitivity and An easy item score cutoff of less than 11 identified 97.5% of H-C, 90% of H-M, 95% of TBI-C, and 83.3% of TBI-M participants.
Predictive power was calculated using derivations on Bayes' theorem. For various research and clinical use, positive predictive value (PPV) and negative predictive value (NPV) were calculated for a range of base rates of invalid effort spanning 10% to 50%. Depending on the base rate used, PPV and NPV ranged from 0.18 to 0.98 and 0.5 to 1.0, respectively (Table 4) .
| Test-retest reliability and internal consistency of the FGMT
We next examined the test-retest reliability and internal consistency of the FGMT. Using both TBI groups, we found strong 1 week testretest reliability on all FGMT scores, including easy item score (r = .95, p < .01), hard item score (r = .98, p < .01), and total score (r = .99, p < .01). It should be noted that test-retest reliability of total score H-C, Healthy Control; H-M, Healthy Malingering; TBI-C, traumatic brain injury-control; TBI-M, traumatic brain injury-malingering.
T A B L E 2 Forced-choice Graphics Memory Test results in H-C, H-M, TBI-C, TBI-M were higher in the TBI-C (r = .97, p < .01) than in the TBI-M group (r = .91, p < .01).
Internal consistency was assessed using Cronbach's alpha coefficients. The Cronbach's alpha coefficients were .93, .82, and .91 for the total 24 items, 12 easy items, and 12 hard items, respectively.
The reliability of the test was also assessed by Guttman Split-Half and Spearman-Brown Split-Half tests, and the coefficients were .79 and .84, respectively.
| Convergent validity of the FGMT
Correlations were performed to investigate the relationships between the FGMT and the BFDMT. The easy item score (r = .68, p < .01), hard item score (r = .87, p < .01), and total score (r = .92, p < .01) of the FGMT were all positively correlated with the corresponding score of BFDMT.
| Demographic characteristics and the FGMT
The participants of each TBI group were divided into groups based on education (<10 years; ≥10 years), gender, age (≤24 years, 25-34 years, ≥35 years), and intelligence (IQ < 70; IQ ≥ 70). In both the TBI-C and TBI-M groups, no significant differences in FGMT scores were found between education, gender, age, or intelligence groups (all p > .05, Table 5 -7), suggesting FGMT scores are not related to these variables.
| DISCUSSION
In this study, we developed a new PVT, the FGMT, and determined the ability of the FGMT to assess feigning. We found that FGMT performance accurately differentiated group performance with regard to effort status for both TBI and normal samples. When identifying invalid responses with the cutoff points of less than 11 of the easy items, less than six of the hard items, and less than 18 of the total items, respectively, total score cutoff produced the greatest classification accuracy of differentiating invalid responders from valid responders in both TBI and healthy groups. A total score cutoff of less than 18 was able to correctly categorize 100% of H-C, 95% of H-M, 95% of TBI-C, and 93.3% of TBI-M participants. Although this study was conducted with Sensitivity is defined as the percentage of participants in the TBI-M and H-M groups that were correctly identified as responding invalidly. Specificity is defined as the percentage of participants in the TBI-C and Healthy Control groups that were correctly identified as responding validly.
The bold values were highlighted to remind readers that these are the values when cutoff score is less than 18 of the total items, less than 6 of the easy hard items, and less than 11 of the easy items, respectively.
T A B L E 3 The sensitivity and specificity rates in Forced-choice Graphics Memory Test cutoff scores a base rate of poor effort of 50% in control participants and 42% in TBI participants, through an examination of PPV and NPV, we were able to demonstrate that the FGMT cutoff of less than 18 performs quite well across a variety of base rates. PPV ranged from 0.78 at a base rate of 10% invalid effort to 0.97 at a base rate of 50% poor effort. NPV remained extremely high across examined base rates, ranging from 0.94 
The bold values were highlighted to remind readers that these are the values when cutoff score is less than 18 of the total items, less than 6 of the easy hard items, and less than 11 of the easy items, respectively. (Liu et al., 2001 ). Forced-choice digital memory test has been shown to be quite easy even for individuals with severe TBI and cognitive dysfunction, and therefore TBI patients should not make a large number of mistakes on the easy items (Guilmette, Whelihan, Sparadeo, & Buongiorno, 1994; Iverson & Binder, 2000) . Accordingly, the easy digital items usually show higher classification accuracy than hard items (Liu et al., 2001) . This discrepancy may due to the different sample capacity, as well as the different stimuli, as graphics are more on an intuitive basis than digits.
Various factors, such as education, intelligence, age and severity of injury, may affect the performance validity and subsequently reduce the value and reliability of PVT. The TOMM showed high reliability when considering the influence of age, education, psychiatric conditions, and cognitive impairment (Ashendorf, Constantinou, & McCaffrey, 2004; Gunner, Miele, Lynch, & McCaffrey, 2012; Iverson, Le Page, Koehler, Shojania, & Badii, 2007; Moser et al., 2007; Rees, Tombaugh, & Boulay, 2001; Teichner & Wagner, 2004) . However, the administration time of two learning trials (Trials 1, 2) of TOMM is approximately 15 min (Lynch, 2004) , and the retention trial takes 15-20 min. Similarly, the FGMT does not appear to be influenced by education, gender, age, or intelligence. Even people with a low level of education were able to complete the test without any difficulty. Additionally, The FGMT is easy to administer and time-efficient (it only take 5-10 min to complete).
A potential limitation of this study is the inclusion of only subjects classified as "definite malingering" or "not malingering," but not the "probable malingering" or "possible malingering," and only one clinical sample of TBI patients was detected, leading to high sensitivity and specificity.
However, the empirical cutoff scores of PVT are developed based on the "purity" of the control and malingering groups (Greve & Bianchini, 2004 ).
Further research is needed to detect the cross-validation in different types of clinical presentations (stroke, dementia etc.).
Another potential limitation of the study is that we only included the patients with severe brain injury. Future research should address the influence of neurological (e.g., location, severity, or type of lesion) and psychological conditions on FGMT (Bigler, 2012; Larrabee, 2012) .
Additionally, the PVTs were administered at the beginning of the battery and order of PVTs was not counterbalanced. It is possible that this may have biased the results. Future studies should take care to investigate how the FGMT performs when it is administered in the middle or at the end of a testing battery. Convergent validity using a PVT of very different design (e.g., a nonforced-choice test) should also be investigated in future.
In conclusion, we developed a reliable, simple measure, the FGMT, based on binomial theorem to identify malingering in patients with TBI and controls. This measure does not appear to be influenced by education, gender, age, or intelligence level. The FGMT has high classification accuracy, test-retest reliability, and internal consistency in a Chinese sample. Future studies are needed to replicate the present results in larger samples and other neurological and ethnic samples.
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